An isolated population of dark-eyed juncos, Junco hyemalis, became established on the campus of the University of California at San Diego (UCSD), probably in the early 1980s. It now numbers about 70 breeding pairs. Populations across the entire natural range of the subspecies J. h. thurberi are weakly differentiated from each other at five microsatellite loci ( F ST = 0.01). The UCSD population is significantly different from these populations, the closest of which is 70 km away. It has 88% of the genetic heterozygosity and 63% of the allelic richness of populations in the montane range of the subspecies, consistent with a harmonic mean effective population size of 32 (but with 95% confidence limits from four to > 70) over the eight generations since founding. Results suggest a moderate bottleneck in the early establishment phase but with more than seven effective founders. Individuals in the UCSD population have shorter wings and tails than those in the nearby mountains and a common garden experiment indicates that the morphological differences are genetically based. The moderate effective population size is not sufficient for the observed morphological differences to have evolved as a consequence of genetic drift, indicating a major role for selection subsequent to the founding of the UCSD population.
Introduction
Island populations often differ morphologically from each other and their continental relatives (Mayr 1942; Grant 1998; Mayr & Diamond 2001) . Mayr (1954) and Carson & Templeton (1984) suggested that, if the original island colonists were few in number, population divergence may be initiated through genetic drift ('founder effect speciation'). This idea has proven controversial and there is little empirical evidence to support it (Coyne et al . 1997 ). Many human-assisted introductions on islands all over the world do not seem to have been accompanied by conspicuous morphological changes (Grant & Grant 1996) . However, the founder effect model was formulated to explain examples where populations have undergone change. It has been examined and rejected in this context through comparisons among long-established populations (Clegg et al . 2002) but there have been no studies of recent colonization events that have been accompanied by rapid evolutionary divergence (Grant et al . 2001) . In this study we examine the potential role of founder effects in the morphological divergence of a bird population that has probably been established for about eight generations.
The dark-eyed junco ( Junco hyemalis ) is a small passerine bird that usually breeds in mixed and coniferous forests (Miller 1941; Peterson 1990 ). In San Diego County, California, it generally breeds above 1500 m. However, in 1983, a few individuals were observed breeding on the campus of the University of California at San Diego (UCSD) on the Pacific coast ( Walens, personal communication; McCaskie 1986) . It is unlikely that individuals were breeding there before 1980 (Yeh 2004) . A resident breeding population is now established which numbered about 70 breeding pairs in 2002 (Yeh 2004) . The nearest natural breeding population is in the mountains approximately 70 km away. Small flocks from the mountain populations commonly over-winter at UCSD and the first founders probably originated from one of these migrating flocks.
Here we compare morphological and microsatellite variation between the UCSD population and populations in the species' natural range. The specific questions that we address are as follows: i) For microsatellite markers is there any evidence for a reduction in heterozygosity or number of alleles in the UCSD population with respect to the natural range?; ii) What is the best estimate of the effective population size?; iii) How much morphological evolution has there been and can this be accounted for by genetic drift, given our estimate of effective population size?
We show that, as indicated by neutral markers, the population has gone through a moderate bottleneck. This has been associated with morphological evolution that has occurred too rapidly to be attributable to genetic drift, thereby implicating selection in driving the morphological differentiation.
Materials and methods
The subspecies J. h. thurberi is distributed throughout California and southern Oregon with the exception of the central coastal Californian mountains where it is replaced by J. h. pinosus . We used mist nets and potter's traps to catch birds across the range of J. h. thurberi . We sampled at least 10 individuals from 13 sites throughout the subspecies' range during the breeding seasons of 1998 -2000 (Table 1 ; Fig. 1 ). For simplicity we term all populations except that at UCSD 'mountain populations'. Nearly all the birds from the mountains were males lured into mist nets through the use of tape playback. The Santa Barbara population consists of samples from two sites separated by about 35 km, one of which is coastal and one of which is in the mountains. These two sites are connected by continuous breeding habitat.
Based on plumage characteristics the Santa Barbara population is intermediate between J. h. thurberi and J. h. pinosus.
Microsatellite genotyping
At time of capture we collected a drop of blood ( ∼ 10 µ L) from the wing vein and stored it in 50 µ L of lysis buffer (Seutin Sample sizes (n) are shown with the number of females in parentheses.
Fig. 1
Map of California and southern Oregon. Each collection site is marked with a number that corresponds to the population names listed in Table 1 .
et al. 1991) at ambient temperature for up to 4 weeks. To supplement our sample sizes, blood was also taken from some nestlings in the San Jacinto, Lagunas, Palomar and UCSD populations. Care was taken to include only one nestling from each nest and to exclude other related individuals including parents. One bird died before we were able to collect blood; from this individual we extracted DNA from heart tissue. Genomic DNA from the blood and tissue was extracted using the QIAamp tissue kit and the QIAamp blood kit (Qiagen). From a screening of 24 previously published primer sets on birds taken from various locations, we found five microsatellite loci that were polymorphic in J. hyemalis (Table 2) : Pdo µ 3 ( Passer domesticus ; Neumann & Wetton 1996) , Mme7 ( Melospiza melodia ; Jeffery et al. 2001) and Gf01, Gf05 and Gf06 ( Geospiza fortis ; Petren 1998). Due to inconsistent amplification from the primers for Gf01, we designed new primers from the G. fortis sequence obtained from GenBank. We obtained repeatable results with the new primers Gf01b (F: 5 ′ -AGAGGAAAAACTCCTGTGG-3 ′ ; R: 5 ′ -CTGCATGCAGACTGAAATTCT-3 ′ ) and amplified fragments that were 71 bp larger than those previously observed. A total of 176 individual birds were genotyped.
Amplifications were done in a 5-µ L volume with 0.5 µ L 10 × polymerase chain reaction buffer, 0.02 µ m unlabelled forward primer, 0.04 µ m unlabelled reverse primer, 0.05 µ m 32 P-dATP-labelled forward primer, 1.0 µ m dNTP mix, 1.5 µ m MgCl 2 , 0.1 U of Taq DNA polymerase (Promega) and 1 µ L (15 ng) DNA. The amplification profile consisted of an initial denaturation at 94 ° C, 35 cycles of 0.5 min denaturation at 94 ° C, 1 min of annealing, at the temperatures shown, and 1.5 min extension at 72 ° C followed by a final 10 min extension at 72 ° C. Amplification products were separated in a 6% polyacrylamide gel and visualized by audioradiography. We used an M13 length standard to measure each allele length along with a control sample to standardize allele scoring between gels. In addition, a control sample without DNA was included with each group of amplifications to detect contamination. Each heterozygote was amplified at least twice and each homozygote at least three times (Taberlet et al . 1996; Morin et al . 2001 ).
We found unexpected results with Mme7 where some alleles differed in length by only 1 bp. When isolated from M. melodia , the microsatellite was a simple (CA) n repeat which should produce alleles that differ by multiples of two . To check our results, we amplified a few of the aberrant alleles in a 25-µ L reaction consisting of 2.5 µ L 10 × polymerase chain reaction buffer, 0.04 µ m forward primer, 0.04 µ m reverse primer, 0.8 µ m dNTPs, 1.0 µ m MgCl 2 , 0.25 U of Taq DNA polymerase (Promega) and 1 µ L (15 ng) of DNA. We used an amplification protocol of an initial 3 min at 94 ° C, 40 cycles of 1 min each at 94, 50 and 72 ° C followed by a final 10 min at 72 ° C. We cloned the amplification products into an M13 vector using a TOPO TA cloning kit (Invitrogen) and sequenced 10 of the clones. The microsatellite in J. hyemalis is a (CA) n (A) n repeat, which explains the 1 bp differences. As the (A) n repeat in the Mme7 locus has a greater chance of accumulating errors during amplification through slippage, we confirmed any given allele's length by amplifying and scoring it at least three times.
The Mme7 microsatellite is on the Z chromosome. Males (ZZ) have two copies while females (ZW) have one. A bird was identified as a male if it was a heterozygote at this locus or if it was actively singing at the time of capture. When we were not able to determine the sex by these criteria, we used molecular sexing techniques to detect the W chromosome. We followed Griffiths et al . (1996) and amplified the CHD gene with the primers P2 and P3 and used the restriction enzyme Hae III. We compared each individual with a male and female control before determining the sex. Females ( n = 19) were not genotyped for the Mme7 locus.
Analysis
We first compared different mountain populations with each other and then compared these populations with that at UCSD. Within each population we used exact tests to examine (i) deviations of each locus from Hardy-Weinberg equilibrium expectations and (ii) deviations of each pair of loci from linkage disequilibrium. These tests were performed in genepop version 3.2a (Raymond & Rousset 1995) followed by a sequential Bonferroni correction to minimize type I errors (Rice 1989) . To detect genetic differentiation, we used fstat version 2.9.3 (updated from Goudet 1995) to calculate the estimate of overall and pairwise F ST values of Weir & Cockerham (1984) . Using random permutations, we calculated the probability that a pairwise F ST value deviated from zero using fstat .
We used the mean number of alleles, allelic richness, observed heterozygosity and the unbiased measure of expected heterozygosity of Nei (1987) to quantify genetic variability within each population. Two-sample t -tests were used to compare the UCSD population with the mountain populations using each mountain population as a replicate. This is justified by the low differentiation between mountain populations as shown below. New primers were designed for Gf01b. For the other loci published primers from the original species were used.
We used the program structure (Pritchard et al . 2000) to compare the UCSD population with the mountain populations. structure uses Bayesian methods to assign probabilities that any particular individual belongs to any given population and can, therefore, be used to test for the presence of migrants as well as to detect genetically distinct groups. We used two applications. First, we assigned all individuals in the mountain populations to one population and asked where UCSD individuals clustered. The primary reason for this was to determine whether the UCSD population is genetically different from the mountain populations. Second, we assigned mountain individuals to one population and UCSD individuals to a second population in order to assess the possibility that some individuals at UCSD were recent immigrants from the mountains.
Although heterozygosity is not greatly influenced by sample size, rare alleles can easily be missed in small samples (Hedrick et al . 1986 ). For this reason, different sample sizes from different populations will influence comparisons of number of alleles ( Leberg 2002) . The allelic richness measure employed by El Mousadik & Peti (1996) , as implemented in fstat , is one way to account for this. It is based on an analytical formula and is roughly equivalent to one less than the number of alleles that would be encountered in the smallest sampling unit. We also used the simulation method of Clegg et al. (2002) to numerically compare populations of different sample sizes. For all populations with more than 10 individuals sampled (UCSD, Lagunas, San Jacinto, Palomar, Santa Barbara, Klamath and El Dorado), we randomly drew 100 sets of 10 individuals. We then calculated the average heterozygosities and number of alleles from these data sets and used a paired t-test to compare the number of alleles and heterozygosity values of the random data sets with the observed values for each locus. The number of alleles was significantly lower (paired t-tests, t 13 = 5.64, P < 0.0001) but both the expected (t 13 = 0.69, P = 0.5) and observed heterozygosities (t 13 = 0.4, P = 0.7) showed no significant differences. In subsequent analysis, we used the original values for the heterozygosities but the number of alleles averaged over all loci from the random draws. As only males were included in the analysis of Mme7, there was variation in the number of individuals counted at this locus in the random data sets. The UCSD sample was female biased so we used all eight males rather than selecting random data sets.
Effective population size
We assumed that there have been eight generations since the population was founded (Yeh 2004) and that heterozygosity decreases approximately at a rate of 1/(2Ne) per generation, where Ne is the effective population size. Thus, the effective population size over the eight generations is estimated as Ne = 1/(2 * (1 − H 1/8 )) where H is the ratio of the heterozygosity on UCSD to that in the mountain populations. The sampling distribution of H is non-normal and truncated at zero and we used a simulation method to place approximate confidence limits on Ne. We randomly drew a population of 2Ne observations from a normal distribution with variance = 1, calculated the variance among the observations and then resampled from a normal distribution with that variance. This process was repeated for eight generations. The variance at the end of the eight generations is equated to the change in heterozygosity from the source population. We repeated this simulation for 10 000 runs across a range of Ne values. The smallest Ne for which 5% of the simulated values were < H is taken as the lower bound and the largest Ne for which 5% of the simulated values were > H was taken as the upper bound.
The effective size of a population over time is the harmonic mean of the effective population size for each generation (Hedrick 2000) . Thus, the effective size of the founder population can be estimated from Ne by iteration, assuming various models of population growth. We used our own spreadsheet program to do this and assumed a ratio of Ne : N = 0.5 (estimates of Ne : N from a variety of studies vary from about 0.25 to 0.75) (Grant & Grant 1992; Nunney & Elam 1994) . N is the cenus population size we investigated alternative models of population growth, including a model where the population doubles to its current size of approximately 70 breeding pairs and then does not change as well as one used by Clegg et al. (2002) where the population stays low for a specified number of generations and then grows to its current size in a single generation.
Founder population size. To obtain a minimum estimate for the founder population we studied the most variable locus, Gf01b, and genotyped an extra 41 UCSD birds for this locus only. The number of alleles in the UCSD population at this locus provides a minimum estimate of the founder population size. In the absence of subsequent immigration or mutation the presence of n alleles implies the presence of at least n/2 individuals in the founders. The lower bound on the founder population size may be higher than n/2 because the chance of a rare allele in the mountains being captured by a small number of founders is remote. To obtain a lower bound on the founder size we used simulation. We drew a specified number of individuals from the frequency distribution of alleles combined across all mountain sites, repeated this 1000 times and calculated the proportion of times that we captured at least the number of alleles observed in the UCSD population. The smallest number of founders consistent with the data was taken to be the number that gave a probability > 0.05 of capturing n observed alleles.
Morphology
We measured wing length (as flattened wing chord) and tail length (as longest tip to base of feathers, near the uropygial gland) on each bird. We also measured the beak, tarsus length and body weight but, as these do not differ between UCSD and mountain populations, they will not be reported here. Yeh conducted a common garden experiment to examine differentiation in the plumage pattern of juncos between a mountain population (Lagunas) and UCSD. We used results from this experiment to determine if differences between populations in wing and tail length were best attributed to phenotypic plasticity or to genetic factors. Yeh hand raised birds from the Laguna mountains and UCSD starting at the age of 3 days and kept them in captivity for 17 months on a common diet. We measured wing and tail length at 5 months of age and again 1 year later (after the first moult) at 17 months of age.
To assess the role of drift in causing the evolution of wing and tail length, we applied the method of Lande (1976) for quantifying the probability that morphology will have drifted as far as the observed values for populations of different effective sizes (see Yeh for a worked example). This requires an estimate of heritability that is not known for this population. For the closest relative that has been studied in the wild, the song sparrow M. melodia, the heritability of wing length was estimated to be 0.31 (Schluter & Smith 1986 ). We conservatively set the heritability to be 0.5. We determined the minimum Ne required for the morphological changes to be have been produced by drift alone, at a two-tailed P = 0.05, and evaluated this against the results from the microsatellites.
Results

Genetic variation
Microsatellites showed a high level of variation and were polymorphic in all populations ( Table 2 ). The raw data are posted at http://home.uchicago.edu/∼pricet/. The microsatellite loci show no evidence of linkage disequilibrium within each population (P ≥ 0.50). After a sequential Bonferroni correction, only the Pdoµ3 locus in the Angeles population showed a significant deviation from HardyWeinberg expectations (P = 0.0; others P > 0.01). As this was the only population that did not conform to HardyWeinberg expectations at this locus, it is unlikely that this deviation is due to the presence of null alleles. One individual did not amplify at Pdoµ3 or Gf06 but this was probably a result of a very low concentration of DNA.
The overall F ST value for all the populations is 0.023. Among mountain populations the global F ST is 0.01 (± 0.006 -0.018 99% confidence limits based on a bootstrap across loci). Three pairwise F ST comparisons are significantly different: Santa Barbara and Palomar, Santa Barbara and Lagunas and Angeles and Palomar (Table 3 , P = 0.0007). Every pairwise comparison between the mountains and UCSD shows moderate differentiation (0.060 < F ST < 0.090; Table 3 Pairwise (Table 3) . Analyses using structure confirm that the UCSD population is genetically differentiated from the mountain populations. After assigning all individuals in the mountains to one population, most UCSD individuals cluster away from these individuals (Fig. 2a) . A test of the one-population vs. two-population hypothesis overwhelmingly favours the two-population hypothesis ( P << 0.0001). One individual appears to be an outlier ( P = 0.96 of belonging to the mountains). This individual carried two alleles that were not present in any other individual at UCSD. However, a reanalysis where all UCSD individuals are a priori assigned to a second population shows that this individual could easily be a member of the UCSD population and not an immigrant (P = 0.33, Fig. 2b) ; the power to detect immigrants is low given current sample sizes.
Genetic drift
As the UCSD population has been established for such a short time, the significant differentiation between it and other populations is probably due to a founder effect rather than migration-drift equilibrium with low levels of migration. The inference of a founder effect is supported by the finding that the UCSD population has less allelic diversity than any of the mountain populations (Table 4 ). The mean number of alleles at UCSD is significantly lower at only 59% of the average of the mean number in the other populations (using each population as a replicate, Fig. 3 ; t 11 = 8.64, P < 0.0001). The expected heterozygosity is 12% lower Fig. 2 Probabilities of individuals belonging to mountain populations under two models of population subdivision, assessed using the program structure (Pritchard et al. 2000) . *When the number of alleles was based on random draws (Alleles-RD), the original value is also shown (Observed alleles). Allelic richness is a measure similar to (Alleles-RD) − 1 but based on an analytical formula (El Mousadik & Peti 1996) . UCSD, University of California at San Diego.
at UCSD than in the mean of the mountain populations; this difference is also statistically significant ( Fig. 3 ; t 11 = 2.48, P < 0.05). These differences remain significant when Santa Barbara (a coastal population which appears to be intermediate between two subspecies) is removed from the analysis (number of alleles and expected heterozygosity, respectively, t 10 = 8.83, P < 0.0001; t 10 = 2.36, P < 0.05). Statistics on a per locus basis are presented in Table 5 . Four loci show a decrease in number of alleles. Only two show a decrease in heterozygosity. The other loci show similar levels of heterozygosity between UCSD and the mountains (the simulation results indicate that this level of variation among loci is expected if there is, on average, a 12% decline in the heterozygosity).
As the UCSD sample contained a high number of females, each mountain population was based on a larger number of individuals for the sex-linked locus, Mme7. Although not used in the analysis, 11 females from UCSD were genotyped at this locus and had alleles that were also present in the males. When females are included in the UCSD sample, there are 27 copies of the locus. This is roughly the equivalent of 13 birds, more individuals than were surveyed in any of the mountain populations. Thus, we can be confident that the paucity of alleles at Mme7 in the UCSD population is not an artefact of sampling.
The much greater difference in number of alleles than heterozygosity between UCSD and mountain populations is consistent with the hypothesis that the UCSD population experienced a bottleneck at founding (Nei et al. 1975; Luikart et al. 1998 ). In addition, individual allele frequency differences are suggestive of allele frequency perturbation after a population bottleneck. The most striking example of change in allele frequencies in the UCSD population is at the locus Gf05 which showed the largest decline in heterozygosity (Table 5) . One allele, 208 bp in length, was found at a much higher frequency (0.625) than was observed in any of the other populations (≤ 0.182; Fig. 4 ). As the allele was found consistently at low frequency across mountain populations, the difference is probably not simply a consequence of sampling. In the UCSD population, care was taken to collect unrelated individuals. Thus, kinship is an unlikely explanation for the fact that 80% of individuals carried at least one 208 allele. Fig. 3 The mean number of alleles (a) and the mean expected heterozygosity (b) for each population. SEs are based on replicates across the five loci. For abbreviations of sites, see Table 1 . A decrease in heterozygosity of 12% after eight generations corresponds to an effective population size of Ne ≈ 32. Based on simulations, confidence limits are broad (P = 0.06 that Ne = 4 results in a decrease in heterozygosity of > 12% and even Ne = 70 results in a decrease in heterozygosity of > 12% with probability P = 0.35). The Ne of 70 was taken as an upper bound because the breeding population is about 70 pairs and Ne : N ratios for birds may generally be < 0.5 (Grant & Grant 1992) .
Assuming that, subsequent to founding, the population doubles to its current size (Ne = 70), a founder population of Ne = 9 gives a harmonic mean population size of Ne ≈ 30, i.e. the best estimate from the microsatellite data. For comparison, given the same demographic parameters, a founder population of Ne = 2 results in a harmonic mean population size of Ne ≈ 8. In a model where the founder population stays at Ne = 2 for three generations and then 'blows up' to its current size in one generation, the harmonic mean size is Ne ≈ 5.
We placed a lower bound on the number of founders based on the number of alleles at the most variable locus, Gf01b. We genotyped an additional 41 UCSD birds for this locus only, for a total of 61 UCSD individuals. With the addition of these individuals we found a total of 12 alleles in the UCSD population (cf. 22 alleles in 157 mountain birds). We used simulations described in Materials and methods to determine that this number of alleles is consistent with a minimum of seven birds in the founder population (P = 0.050). This should be treated as a number closer to the effective number of founders rather than the absolute number of founders because it assumes that all allele copies in the founder population have persisted to the present day.
Morphology
Wing and tail length are much shorter in the UCSD population than the neighbouring mountain population (Lagunas) from which the UCSD population is probably derived (Table 6 ). Differences are retained among hand-raised birds from UCSD and the Lagunas held on a common diet for 17 months, indicating that these traits have a genetic basis (Table 6 ). Among the hand-reared birds, results of two-way anovas (sex × location) for the location term were: Wing, year 1, anova F 1,23 = 5.36, P = 0.03; Wing, year 2, anova F 1,11 = 2.793, P = 0.12; Tail, year 1, anova F 1,23 = 13.29, P = 0.001 and Tail, year 2, anova F 1,11 = 4.2, P = 0.06.
To estimate rates of evolution we compared the means of UCSD and Laguna populations based on measurements made on the large sample of males in the wild ( Table 6) . Among these males the pooled within-population phenotypic SDs are 2.32 for wing length and 2.36 for tail length. This implies that wing length has decreased by 1.38 SDs and tail length has decreased by 1.15 SDs subsequent to colonization at UCSD. Assuming a heritability of 0.5, harmonic mean effective population sizes have to be low over the eight generations since establishment, based on the method of Lande (1976) . Ne must be < 6 for wing and < 9 for tail for drift alone to have achieved this level of differentiation at the 5% significance level. In the Discussion we argue that Ne is very unlikely to have been this low.
Discussion
The genetic implications of founder events have been well studied. Multiple theoretical studies have predicted that both the number of alleles and heterozygosity will decrease, although allelic diversity should be more sensitive to size restrictions (Nei et al. 1975; Maruyama & Fuerst 1985; Luikart et al. 1998) . As rare alleles are lost and allele frequencies change through random genetic drift, the population may rapidly differentiate from the source (Chakraborty & Nei 1977 ). These results have been supported by empirical studies in populations that have suffered severe bottlenecks (e.g. Taylor et al. 1994; Houlden et al. 1996; Le Page et al. 2000; Walker et al. 2001) and populations that have been derived from known colonization events (e.g. Baker & Tarr et al. 1998; Broders et al. 1999; Pascual et al. 2001) . Such characteristic patterns in the genetic diversity also apply to the population studied here. In several bird populations that have passed through a bottleneck, loss of genetic diversity was quickly replenished by subsequent immigration (Hansson et al. 2000; Grant et al. 2001; Keller et al. 2001) . In the extreme, this can rapidly erase all genetic signature of the bottleneck . Populations in which this has been observed are characterized by slow population growth, such that immigrants make up a relatively large fraction of the breeding population. The fact that the UCSD population retains the signature of genetic drift, despite currently numbering about 70 breeding pairs, suggests that there was fairly rapid population growth in the early generations and/or that there have been few subsequent immigrants. We were unable to detect the presence of any immigrants among a sample of 20 UCSD birds although, given only moderate genetic differentiation from the source, power is low.
The UCSD population is morphologically strongly differentiated from neighbouring populations in wing length (as well as tail length) and, if this is to be attributed to drift over the short time it has been established, the effective population size must be less than six. In theory, it should be possible to use a Bayesian analysis to estimate the probability of different values for Ne in this population given the observed heterozygosity decline and then use that to estimate the probability of morphology having evolved by drift. In practice, we found this method to be highly dependent on the choice of a prior distribution for Ne (i.e. even if the prior is considered flat, results depend on choice of upper and lower bounds for Ne). Instead, we develop the argument that the harmonic mean effective population size over the eight generations is unlikely to have been as low as 6.
Although an Ne as low as 4 is consistent with a 12% decline in heterozygosity (P = 0.06), several arguments suggest that Ne is likely to be larger. As the population size numbers about 140 breeding individuals, the effective population size at present is clearly much higher than six. Therefore, if the harmonic mean over eight generations is to be as low as six, Ne in the early generations must be very low. Under various models of population growth we found that an Ne of two founders was consistent with a harmonic mean Ne over eight generations of five to eight individuals. However, the founder population Ne is likely to have been more than two. First, we have identified a total of 12 alleles at locus Gf01b at UCSD and simulations indicate that this is consistent with a founding effective population size of at least seven. Although subsequent immigration may have accounted for some of these alleles, we have no direct evidence that this is the case and, as noted above, occasional immigration at present would introduce alleles at low frequency that would be easily missed.
Second, a founding population of several pairs appears reasonable based on wintering flock sizes (n = 8 -20 birds, personal observations). This is supported by our observations at Pt Loma National Cemetery, about 22 km south of UCSD. At this location (but at no other we have located in San Diego) a small flock of birds is present throughout the winter and several males sing and set up territories in early spring. However, they vacate the area in late April. If the Pt Loma situation can be considered a model for the way in which the UCSD population was founded, several pairs may have settled and bred at the same time.
This observation in itself does not indicate the effective size of the founding population, which may be much less than the observed population size if some individuals have much higher fitness than others. Grant & Grant (1992) suggest that a reasonable estimate for bird populations is an effective size about 25% of the census size but Nunney & Elam (1994) estimated Ne : n ratios averaging 0.75 across a variety of organisms. It is possible that, in a rapidly growing population, the effective size is closer to the observed size with most founders contributing genetically to later generations.
We propose that wing and tail length are unlikely to have evolved by drift, which is in accord with the many adaptive hypotheses that have been proposed for differences in wing and tail length among species. The population at UCSD is resident and sedentary, whereas many individuals in the natural range vacate their breeding quarters in winter. Migratory populations of bird species often have longer wings (e.g. ). In eastern populations of the dark-eyed junco males with relatively long wings migrate on a different time schedule and may migrate further than those with relatively short wings ). The migration-wing length correlation may thus provide an adaptive explanation for the shorter wings and tails of the resident UCSD population, although clearly there are many other alternative explanations.
It is probable that the UCSD population has experienced only a mild population bottleneck that should have had little effect on the mean of morphological traits. Given this, we conclude that the primary determinant of morphological differentiation at UCSD has been natural selection. Similar conclusions about the importance of selection during founder events have been reached using a variety of other methods in a variety of other systems (Grant & Grant 1996; Clegg et al. 2002) .
